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Abstract. Coseismic surface deformation associated with the M, 6.1, April 23,
1992, Joshua Tree earthquake is well represented by estimates of geodetic monument
displacements at 20 locations independently derived from Global Positioning System
and trilateration measurements. The rms signal to noise ratio for these inferred
displacements is 1.8 with near-fault displacement estimates exceeding 40 mm.
In order to determine the long-wavelength distribution of slip over the plane of
rupture, a Tikhonov regularization operator is applied to these estimates which

minimizes stress variability subject to purely right-lateral slip and zero surface slip
constraints. The resulting slip distribution yields a geodetic moment estimate of
1.7x10'® N m with corresponding maximum slip around 0.8 m and compares well
with independent and complementary information including seismic moment and
source time function estimates and main shock and aftershock locations. From
empirical Green’s function analyses, a rupture duration of 5 s is obtained which
implies a rupture radius of 6-8 km. Most of the inferred slip lies to the north
of the hypocenter, consistent with northward rupture propagation. Stress drop
estimates are in the range of 2-4 MPa. In addition, predicted Coulomb stress
increases correlate remarkably well with the distribution of aftershock hypocenters;
most of the aftershocks occur in areas for which the mainshock rupture produced
stress increases larger than about 0.1 MPa. In contrast, predicted stress changes
are near zero at the hypocenter of the M, 7.3, June 28, 1992, Landers earthquake
which nucleated about 20 km beyond the northernmost edge of the Joshua Tree
rupture. Based on aftershock migrations and the predicted static stress field, we
speculate that redistribution of Joshua Tree-induced stress perturbations played a
role in the spatio-temporal development of the earthquake sequence culminating in

the Landers event.

Introduction

The M, 6.1, April 23, 1992, Joshua Tree, California,
earthquake resulted from right-lateral rupture along a
previously unmapped north trending late Quaternary
fault located about 20 km south of the Pinto Moun-
tain fault and about 10 km northeast of the Mission
Creek branch of the San Andreas fault system (Fig-
ures 1 and 2). This and other subparallel late Qua-
ternary faults, identified following the earthquake, off-
set an older northwest trending system [Rymer, 1992].
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Seismicity here is characterized by frequent earthquake
swarms suggesting that faults in the area are imma-
ture [Hauksson et al., 1993]. It is also the location of
a sequence of moderate earthquakes occurring between
1940 and 1948 [Richter et al., 1958; Sykes and Seeber,
1985] which included the 1940 M 5.3 Covington Flat,
1947 My, 5.4 Morongo Valley, and 1948 M, 6.5 Desert
Hot Springs earthquakes. The Covington Flat earth-
quake likely involved rupture along one of these north
trending faults, possibly the same fault ruptured during
the Joshua Tree earthquake.

These north trending faults lie in what is known as
the Eastern California Shear Zone (ECSZ) [Dokka and
Travis, 1990a], a zone of intracontinental right-lateral
shear bordering the southern San Andreas fault sys-
tem to the east and extending northwestward through
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Joshua Tree GPS and trilateration geodetic network

Figure 1. Simplified fault map showing the location of the GPS and trilateration monuments
(triangles) in the vicinity of the 1992 Joshua Tree earthquake in southern California. Also shown
(dots) are the locations of the seismic stations used for the empirical Green’s functions analysis.
Focal mechanisms from Hauksson et al. [1993] are shown for the Joshua Tree (southern event)
and Landers (northern event) earthquakes. The square around the geodetic monuments shows
the location of Figure 2.
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Joshua Tree GPS and trilateration geodetic network

Figure 2. Map showing location of the geodetic stations (triangles) in relation to the 1992
Joshua Tree earthquake. Aftershocks from Hauksson et al. [1993] are shown as diamonds. The
large diamond northwest of site paxn shows the location of the Landers epicenter.
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an inversion method based on Tikhonov regularization,
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distribution of slip associated with this event. The size,
shape, and location of the resulting slip distribution are
then checked against main shock and aftershock loca-
tions and seismic moment and source time function es-
timates. These independent observations serve not only
to constrain many of the important features of the slip
distribution but also provide complimentary informa-
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Trilateration. The U.S. Geological Survey has

been monitoring deformation in the vicinity of the
Joshua Tree earthquake by trilateration since 1973 (Fig-
ure 2). Measurements include pre- and post-Joshua
Tree earthquake observations and provide estimates of
the coseismic displacements associated with the event.
Savage et al. [1993] investigated deformation of this net-
work associated with the earthquake and found that
it is Comna.tlble w1th slm on a buried 7x12 km? re("r—

ment of 1.8x10'® N m. L:eodetlc estlmateq for coseismic
deformation were not reported in this study, but esti-
mates for coseismic displacement at 14 sites (Figure 2)
from these same trilateration data are provided by Dong

[ PN |

[1993]. Dong’s displacement estimates are incorporated
in the present study.
ol » Y

GPS. GPS measurements were initiated in the josh-
BN

ua Tree earthquake region in 1988 with reobservation
campaigns in 1990, 1991, and 1993 fRemnqer and Larsen,
1993]. For the purposes of determining ground mo-
tions prior to the Joshua Tree earthquake, the obser-
vations made during 1990 and 1991 are of primary im-
portance. Because preliminary analysis of the original
1988 data has proved difficult due to problems in the
time tagging of the recorded phase observations, these
data were not considered for the present study. Further-
more, all observations subsequent to the June 28, 1992,
Landers earthquake, namely, the 1993 survey, are of
limited help in recovering deformation associated with
the Joshua Tree event due to the large Landers signal
le.g., Murray et al., 1993]. Additional preearthquake
observations were made from a smali subset of stations
on April 13, 16, and 21, 1992. Postearthquake obser-
vations were collected betweén April 25 and 28 in re-
sponse to the joshua Tree earthquake. Using these four
observation sets (1990, 1991, 1992 preearthquake, and
1992 postearthquake), we obtained coseismic displace-
ment estimates for six GPS stations (Figure 2) that were
observed at least twice prior to and once following the
earthquake (Table 1).

In our analyses, we combined the GPS phase obser-
vations from these sites with all available global track-
ing using the GAMIT/GLOBK software as described
by Feigl et al. {1993]. We obtained secular site velocity
estimates (1990-1992 preearthquake) from analysis of
all preearthquake G“S measurements. We included ob-
servations coliected from an additional GPS monument
(PIN1) here for comparison with geological estimates of
slip rates across the southern San Andreas fauit. Veloc-
ity estimates computed with respect to station BLAC
are shown in Figure 3. Despite the short duration be-
tween experiments, errors are sufficiently small to re-
veal right-lateral motion about the San Andreas Fault.
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Table 1. Site Observation History
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COCH GARN RAMO VILW WIDE BLAC PIN1

1991 * * * * * *
1992 pre * * *
* * * * * *

1992 post *

These data are consistent with strictly secular deforma-
tion in the years prior to the earthquake as inferred from
19 years of trilateration measurements [Savage et al.,
1993]. A screw dislocation model assuming a locking
depth of 15 km and slip rate of 28 mm /yr for the south-
ern San Andreas compares well with the relative veloc-
ities between sites BLAC and PIN1 (Figure 4). This
result is consistent with geological estimates of slip rate
along this segment of the San Andreas of 23-35 mm/yr
with commonly accepted nominal value of 25 mm/yr
[Sieh and Williams, 1990; Sieh et al., 1989]. The most
important aspect of the velocity field from the point
of view of this analysis is, however, that the relative
secular motions among most of the GPS sites in the
vicinity of the Joshua Tree earthquake are quite small.
Hence we do not expect errors in our velocity estimates
to translate into significant coseismic displacement es-
timate errors.

Finally, we used the FONDA software package [Dong,
1993] to estimate coseismic displacements and preearth-
quake velocities simultaneously from all four GPS ob-
servation sets. The resulting coseismic displacement es-
timates have a root-mean-square (rms) signal of 15 mm
and error of 5 mm giving an rms signal-to-noise ratio
of about 3.0. These displacement estimates, together
with the trilateration estimates of Dong [1993], shown
in Plate 1), form the basis of this study. The combined
GPS and trilateration set consists of 40 displacements

(two components of horizontal displacement for each of
the 20 geodetic stations) with rms signal of 20 mm and
error of 11 mm giving an rms signal-to-noise ratio of
about 1.8.

Modeling the Joshua Tree Earthquake

Since its introduction in 1958, the elasticity theory of
dislocations [Steketee, 1958a,b] has been one of the most
commonly used formalisms for studies of the earthquake
source. The model relates a distributed displacement
discontinuity Au = (Aus, Aug, Aug) across a surface X
to the resultant static displacement v = (u1,u2,us) at
a point 7 = (z1, 2, z3) in an elastic medium £. This is
the Volterra integral [e.g., Aki and Richards, 1980]

ulr 87w/ / Auy(¢

p=1,2,3 (1)

where p is the rigidity in the source region, v is the
normal vector to the dislocation surface ¥, and w;’k is
an appropriate Green’s tensor. Analytic solutions for
this integral have been obtained for the case when Au
is constant and £ is a homogeneous, isotropic, linearly
elastic half-space given a number of dislocation geome-
tries [e.g., Chinnery, 1961; Savage and Hastie, 1966;
Mansinha and Smylie, 1971; Okada, 1985]. For the
case of a layered half-space, complete expressions for the

(r, ©)vi(£)dE(§),
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Secular velocity estimates 1990-1992

Figure 3. Secular velocities (arrows) estimated from GPS observations spanning 1990-1992.

Velocities are shown relative to site BLAC (lower right corner).

confidence level.

Error ellipses indicate 95%
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Figure 4. Screw dislocation velocity model for the southern San Andreas fault (15 km locking
depth, 28 mm/yr slip rate) together with GPS velocities for sites BLAC (right point) and PIN1
(left point). GPS errors are one standard deviation.

w;’k together with efficient numerical computation tech-
niques have been developed [Ben-Menahem and Singh,
1968; Ben-Menahem and Gillon, 1970; Singh, 1970; Jo-
vanovich et al., 1974al.

In the present study, the model is applied with the

dislocation representing the two-dimensional surface of
the ruptured fault plane within Earth. Since the ef-
fects of Earth’s curvature are negligible over distances of
less than about 2000 km [Ben-Menahem et al., 1970], a
half-space model is sufficiently accurate for the present

“Observed
Computed A

7% 0 %

34°N 1

Qo

T
#ybvalm
esq/

pe

— ‘---{f'«‘?!!’!ﬁfau/f N

116°'W

23 April 1992 Joshua Tree Earthquake
Plate 1. Geodetically observed (red) and model predicted (blue) horizontal displacements. GPS
sites are indicated by all capital site names. Trilateration sites are indicated by all lowercase site
names. Ninety-five percent confidence level error ellipses are shown for observed displacements.
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study. Several studies [e.g., Jovanovich et al., 1974b;
Savage, 1987] suggest that the effects of layering in
rigidity within Earth over distance scales comparable to
those of this study and under nominal crustal conditions
are small relative to homogeneous half-space models. In
fact, for the case of a Poisson solid, (1) is independent
of the rigidity [e.g., Okada, 1985]. The daily scatter
in the postearthquake observations suggests that post-
seismic motions are not detected and hence nothing is
gained by including time dependent deformation effects
save perhaps a minimal adjustment to the estimated
amplitude; a linearly elastic model should thus suffice.

Focal mechanism estimates indicate right-lateral, al-
most purely strike-slip motion along a steeply dipping
rupture plane striking at about 352° [Incorporated Re-
search Institutions for Seismology (IRIS), 1992]. Ac-
cordingly, we restrict our model to pure right-lateral,
strike-slip motion. We also assume a vertical disloca-
tion plane based on the results of Hauksson et al. [1993]
and Savage et al. [1993]. We define our coordinate sys-
tem such that ¥ is in the z;-z3 plane, where z3 is depth
and z; is distance along the strike direction (z5 is nor-
mal to ). The restriction to purely strike-slip motion
reduces the three-vector Au to the form Au = (s,0,0),
where s is a scalar slip function. The assumption of
right-lateral motion implies that s is of one sign and
by convention is defined positive giving s(¢) > 0 for all
el

No surface rupture has been observed [Rymer, 1992]
but the conjugate distribution of aftershock epicenters
occurring between April and June 1992 [Hauksson et al.,
1993] forms a cross marking the event’s general location
(Figure 2). The horizontal location of the dislocation
centroid is assumed to be roughly the center of the af-
tershock pattern as determined by eye. The lateral and
depth extent of the component of the rupture centroid
in the plane of the dislocation need not be specified as
it will be determined by the data. This is insured by
extending the edges of the dislocation surface laterally
and in depth so as to render the effects of the boundary
conditions on these edges negligible.

The geodetic observations described above provide
estimates of the horizontal components of coseismic sur-
face displacement u at various locations. The ith da-
tum, denoted y;, is thus y; = wp,(r;), where r; is the
location of one of the geodetic monuments and p; = 1
or 2. Given these specifications, equation (1) can be
used to relate NV such data to the slip function s as

w= [ L@@ i=12..8 @
where, from (1), the functions g; are given by
1 A
9:(§) = é‘ﬁwﬁ(ri,f)a (3)
and the 7; are the a posteriori errors in the estimates

y; obtained during the geodetic data reductions. By
defining N linear functionals G; as
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G = [ [ 9050z, i=12,...
equation (2) can be written more concisely as

yi = Gi(s) +mi. (5)

Observations of zero surface slip [Rymer, 1992] are
incorporated by assuming M discrete measurements, b;,
of zero slip at several locations along the intersection
of the dislocation plane with the surface of the half-
space. This information is included in the analysis via
the equations

bizé&.s-i-ei, 1=12,.... M (6)
where the ¢; are assumed errors in the observations of
the surface slip and &, are the point evaluation func-
tionals, 6¢; s = s(&;) for a set of M points &; on the edge
of the dislocation plane along the half-space surface. A
rather large variance of Ee;e; = (30 mm)2 is assigned
to these pseudo-data.

By letting
d = (y1,--.,Yn,b1,...,bp). )
e = (M-, IN€1,--- €M), (8)
and
A = (G1,...,GN,b¢py-- 3 060), (9)

equations (5) and (6) can be written together concisely
as
d=As+e. (10)

Inverse Theory

The use of geophysical data to infer distributed earth-
quake slip has been studied and demonstrated by sev-
eral investigators using a variety of approaches [e.g.,
Hartzell and Heaton, 1983; Ward and Barrientos, 1986;
Segall and Harris, 1987; Mendoza and Hartzell, 1988;
Matthews, 1991; Larsen et al., 1992; Du et al., 1992;
Wald and Heaton, 1994]. The strategy adopted for
this analysis incorporates ideas discussed by Matthews
[1991] and Du et al. [1992).

We would like to use (10) to infer the slip function
s. However, it is clear that even exact measurements of
the surface displacements resulting from the earthquake
are not sufficient to determine the slip function uniquely
using (10) alone since the continuous slip function is in-
finite dimensional. An approximate representation of
s that is unique and stable under small perturbations
to the data must suffice. A family of such approxima-
tions can be constructed by exploiting prior knowledge
about the slip function and by minimization of a physi-
cally motivated, sufficiently stabilizing functional. This
procedure is most conveniently carried out in a Hilbert
space setting.

We assume that the data errors e; are zero mean ran-
dom variables and let V' denote their known variance-
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covariance matrix (i.e., V;; = Ee;e;). We then let D be
the Hilbert space of data vectors defined by the linear
space RVN+M ynder the norm

N+M
ldlB = D Vi;'did

1,5=1

(11)

where V! is the inverse of V.

Our objective is to find a slip function s subject to
the following three constraints:

1. The geodetic misfit, or weighted residual sum of
squares % = Eﬁlj:l VJlAyiij (where the Ay; = y;—
Gi(s) are the residuals), should be consistent with the
given variance-covariance matrix of the errors 7; in the
geodetic data.

2. Among competing models satisfying constraint 1,
the solution should, in some sense, have minimal struc-
ture. For our problem, a suitable measure is given by
the functional [ [ [V2s(§)]2 d¥(¢). This choice is par-
ticularly satisfying since, as shown by Matthews [1991],
it is a good approximation to a measure of fault surface
traction variability and therefore provides a physical ba-
sis for our minimization criterion. Matthews coined the
term “stress variability” norm for this functional.

3. The model must allow only right-lateral slip. This
translates into the positivity constraint s(¢) > 0 for
each £ € T.

We employ the method of Tikhonov regularization
[Tikhonov and Arsenin, 1977] to achieve this objective.

We define the real valued functional ¥, for each o >
0 as

Vo(sid) = ld— Aslh +@*Qs)  (12)

where the stabilizing functional Q(s) represents the
“stress variability” functional together with homoge-
neous boundary conditions for s on 9%:

0(s) = / /E [V2s(6)]% ds(e) + /a _s(ePdole). (13)

Constraints 1 and 2 are satisfied by minimization of ¥,
over a suitable space of slip functions &4 and careful
selection of the regularization parameter a. In other

words, we define the solution s, by
Uo(sq;d) = inf T,(s;d), (14)

SES+

such that constraint 1 is true. For Sy, we use the space
of positive functions on ¥ with square integrable second

order derivatives. This choice insures constraint 3.
Owing to the positivity constraint and the properties
of the point evaluation functionals, we must appeal to a
rather general formulation of regularization due to Mo-
rozov [1993]. It is not difficult to show that Morozov’s
conditions for the existence and uniqueness of the solu-
tion s, are satisfied for our problem for arbitrary d and

a > 0. We can thus write
s« = R(d,a), (15)

where R is known as the regularization operator.
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Numerical Prescription

To numerically compute a solution the model is dis-
cretized on a 1 km square grid. The slip function s is
assumed to be constant on each of the resulting 1 km
square fault elements. The forward problem then re-
duces to a matrix equation with well known analytic
expressions for the elements of the discretized g; [e.g.,
Chinnery, 1961; Okada, 1985]. The number of assumed
observations of surface slip, M, is chosen such that we
have one data point per surface fault element. Dis-
cretization of the stabilizing functional 2 yields a func-
tional of the form (Ls)T Ls, where the matrix L is a
difference operator. Finally, two sets of bias param-
eters representing rigid body translations of the GPS
and trilateration observations were added to resolve in-
determinacy and align the displacement estimate sets
within the dislocation reference frame.

Program NNLS of Lawson and Hanson [1974] was
then used to obtain solutions to the discrete problem.
This algorithm is very convenient and efficient and has
been successfully applied to problems of slip determi-
nation by numerous investigators: Hartzell and Heaton
[1983] using strong motion waveforms, Mendoza and
Hartzell [1988] using teleseismic waveforms, and Du et
al. [1992] using static ground displacements.
Goodness of Fit and Selection of
the Regularization Parameter

The regularization procedure outlined above provides
a means of computing a family of solutions which ap-
proximately minimize the variability of fault surface
traction. Increasing the regularization parameter o
leads to smoother models (i.e., more uniform slip over
the dislocation), while decreasing a allows more struc-
ture into the distribution (Figure 5). As mentioned
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Figure 5. Stress variability versus data misfit trade-off
curve. Triangle shows the location on the curve cor-
responding to the inferred model. Increasing the reg-
ularization parameter leads to smoother models (and
correspondingly poorer fit to the data), while decreas-
ing this parameter leads to more complex models (and
correspondingly better fit to the data).
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above, we look for the least complicated model such
that the geodetic misfit is consistent with our a priori
knowledge of the geodetic data errors. This corresponds
to the “discrepancy” method for selecting a [Tikhonov
and Arsenin, 1977].

In standard statistical least squares it is common
practice to obtain an a posteriori estimate of the data
variance. However, such estimates are difficult to ob-
tain from regularized inversions due to the fact that s,
is a biased estimator when a > 0. While approxima-
tive methods exist for obtaining the number of degrees
of freedom and a posteriori variance ( Wahba, 1990), we
know of no such method which accounts for nonlinear-
ity. Rather than naively applying an existing method-
ology, we opted simply to verify the consistency of the
misfits and a priori uncertainties by performing numer-
ical experiments.

We began by assuming a test value of the regular-
ization parameter. We then applied the regularization
operator to the geodetic data to obtain a model for
slip. We generated reference displacements at each of
the geodetic stations using this reference model and
simulated observations by adding noise to these refer-
ence displacements. The noise processes used had a
variance-covariance matrix of the form of the given er-
ror variance-covariance matrix times a scale factor o2.
We performed several inversions using several realiza-
tions for various values of 02, again using the same test
value of the regularization parameter. In this way we
obtain the probability distribution of misfit as a func-
tion of o2. By comparing the reference model misfit to
the means of the simulated distributions, we obtain an
a posteriori estimate of 2. This method is analogous to
the usual a posteriori variance estimate in linear least
squares, where the probability distribution is known to
be chi-square with number of degrees of freedom equal
to the rank of the system matrix.

For large values of the regularization parameter, we
obtain a variance scale factor greater than one, indi-
cating that the resulting residuals have a scatter more
consistent with a larger variance than that used in the
inversion. For smaller values of the regularization pa-
rameter, we obtain a variance scale factor less than one,
indicating that we are fitting the data better than the
assumed variance of the data requires. The discrepancy
method is, then, to select the value of the regulariza-
tion parameter o that yields 0> = 1. Figure 6 shows
the simulation for our preferred value of regularization
parameter. We see that for this value of «, the solution
weighted residual sum of squares indeed implies that
0% = 1. All solutions presented below were obtained
using this preferred value of the regularization parame-
ter.

Plate 1 shows the fit of the model to the site dis-
placements. Table 2 lists the site displacements and
postfit residuals. Since our data and their uncertainties
were derived from two independent analyses (GPS dis-
placements from this study; trilateration displacements
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Figure 6. Geodetic misfit x? versus variance scale
factor ¢2. The intersection of the observed x? (zero
slope line) with a linear fit through the means of the
numerically simulated probability distributions verifies
the consistency of the solution residuals with the given
variance-covariance matrix of the errors in the geodetic
data.

from Dong [1993]) and we used both sets of uncertain-
ties in verifying the appropriateness of the selected value
of the regularization parameter, we were able to check
that both sets of uncertainties are mutually consistent.
Figure 7 shows the residuals versus distance from the
slip centroid. We observe no significant indication of
systematics with distance from the event. This again
supports the use of an elastic half-space model.

We note finally that by restricting the acceptable val-
ues of the regularization parameter in this way, we ob-
tain, in effect, solutions with no more structure than is
required by the data given their a priori uncertainties.
This is not to say that the true distribution of slip is not
more complicated than that derived from these geode-
tic measurements, only that our data do not warrant
further detail given these uncertainty estimates.

Geodetic Model for Slip

Plate 2 shows the inferred distribution of slip. The
distribution is characterized by three main features. A
large central patch of slip with a maximum value of
near 0.8-m dominates the inferred model. Nearly all
of the mass of the total distribution is centered on this
main feature. A secondary, near-surface feature appears
to the northwest with maximum slip of about 0.2 m.
Finally, a small patch of slip appears to the southeast
with a maximum slip of about 0.3 m. The geodetic
moment derived from this distribution (computed as
B>, 8i, where s; is the value of slip estimated for the
ith, unit area fault element) is 1.7x10'8 N m.
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Table 2. Displacement Estimates and Postfit Residuals

Observed Calculated Sigma Residuals

Site East North FEast North Fast North East North
BLAC - -54 =37 23  -16 5.0 35 77 =21
GARN" 116 12.3 6.7 8.0 6.8 3.7 4.8 4.2
VIEW 216  —9.7 229 -15.9 9.1 52 -1.2 6.2
RAMO 19.6 19.3 14.2 18.7 5.0 3.8 5.4 0.5
COCH 06 —11.7 69 —67 70 38 —-63 —49
WIDE 22.6 23.3 19.3 254 438 3.5 33 =21
stub -11.7  —6.8 -1.2 1.8 4.8 5.0 -10.5 —8.6
insp 443 -19.8 23.2 -159 15.0 10.1 211 -39
berd 173 -21.8 126 -85 15.6 26.6 4.7 -13.3
edom 33.3 28.1 16.2 22.7 111 17.8 17.0 5.0
warr —42.7 222 =311 26.1 132 94 -116 -39
keys -157 -—228 -166 —18.7 10.8 10.8 08 —4.1
quee 11.3 6.2 —6.1 —-7.2 126 13.2 134 13.4
dome 5.3 6.2 —-2.6 12.0 147 16.6 7.8 -5.8
paxn —5.7 112 -74 6.3 8.3 6.2 1.7 4.9
mesq =5.7 -0.2 =7.0 -9.0 118 6.2 1.3 9.2
palm 19.3 14.2 —-1.5 —2.8 148 13.9 20.8 17.0
valm 4.3 112 -39 -43 8.7 10.9 8.2 15.5
beac =77  -238 0.9 3.9 8.2 194 -86  —6.7
laqu 19.3 —3.8 3.2 33 154 12.2 16.1 7.1

Resolution Analysis

Uncertainty analysis for the inferred slip distribution
is complicated owing to the nonlinearity of the regular-
ization operator (due to the positivity constraint). Sim-

North (mm)

East (mm)

In millimeters.

ilarly, Backus-Gilbert resolution analysis [Backus and
Gilbert, 1968] strictly applies only to linear inverse prob-
lems. With this in mind, we investigate the response
of our regularization operator numerically by running
forward models and then applying the operator to the
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Figure 7. East and north coseismic displacement residuals versus distance of the geodetic site
from the slip centroid. The means (zero slope lines) are not significantly different from zero.
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Plate 2. Slip distribution inferred from GPS and trilateration estimates of horizontal surface
deformation together with aftershocks (diamonds) within 1.5 km of the fault projected onto
the fault plane. The solid red diamonds indicate the location of the Joshua Tree hypocenter and
foreshock. Solid pink diamonds indicate the locations of magnitude greater than four aftershocks.
Orange diamonds indicate the locations of large Landers earthquake aftershocks.

resulting synthetic data. Each forward model assumed
a slip distribution in which slip is concentrated at a
single point, i.e., a slip impulse. We can then easily
interpret three effects of imperfect resolution: location
bias, amplitude bias, and smearing.

Figure 8 shows images obtained by operating on syn-
thetic data generated from slip impulses at different lo-
cations: the centroid of our derived slip model, above
this centroid, below this centroid, and at the center of
the small patch of slip to the southeast of the Blue Cut
fault (compare Plate 2 and Figure 8). Each of the test
models has a moment of 1.7x10® N m. The images
have been normalized by the root sum square of the
image signal. The ratio of the image to true model mo-
ments is indicated for each model.

The image centroids generally coincide with the loca-
tions of the slip impulses indicating no appreciable lo-
cation bias. Even near the edges of the fault, where we
expect the zero slip boundary conditions to strongly in-
fluence the solution, location bias is small. As expected,
shallow slip impulses are resolved better than deeper
slip impulses, as indicated by the degree of smearing.

Horizontal resolution is better than depth resolution,
particularly for shallow slip. This effect appears to be
less pronounced for slip impulses located near the base
of the dislocation plane since the boundary conditions
along the bottom of the dislocation surface affect the
images of test models involving deeper slip. The ratio
of image to model moments is greater than one (up to
1.23) near the surface and decreases to less than one
(down to 0.80) at depth. We interpret this to result
from the fact that the data do not contribute as much
information at depth relative to the smoothness con-
straints as they do near the surface. Hence the distribu-
tion is damped more at depth than is near the surface.
The fact that the moment ratio is greater than one near
the surface is a result of the data “seeing” the fault at
a scale smaller than that preferred given our choice of
regularization parameter. (Recall that the regulariza-
tion parameter was chosen based on the overall fit to
the data.)

We conclude that features of the inferred model are
better resolved near the surface and that the small
patch of slip near the surface to the southeast is well
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Figure 8. Normalized slip images from synthetic observations derived from slip on individual
fault model elements. The ratio of the image to model moments is indicated.

resolved relative to slip on other areas of the fault. The
true slip is not likely to be more spatially distributed
than the inferred model, although it could very well be
more localized. The location does not appear to be bi-
ased. The moment, on the other hand, may be biased
by as much as 20%.

Comparison of Trilateration and GPS Data Sets

To assess the relative importance of the GPS and tri-
lateration data sets in determining the slip distribution,
we performed independent solutions using the trilater-
ation and GPS data sets separately.
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Figure 8. (continued)

The trilateration solution shown in Plate 3 is qual-
itatively consistent with the 7 x 12 km? rectangular
dislocation model of Savage et al. [1993]. However, the
moment obtained from this study is near 1.4x10'® N
m, about 20% smaller than the Savage et al. model af-
ter correcting for differences in the assumed values of
Earth’s rigidity (we have here assumed g = 28 GPa).

The maximum slip of our model reaches 0.76 m, com-
parable to the average value of 0.73 m used by Savage
et al. [1993]. The lack of slip at depth is expected given
the observed displacements at distant sites (palm, quee,
stub, valm; Figure 2) which are largely incompatible
with right lateral slip on the assumed fault plane.

The GPS solution is shown in Plate 4. This solution
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Plate 3. Slip distribution derived from trilateration data only. The solid red diamonds indicate
the locations of the Joshua Tree hypocenter and foreshock.
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Plate 4. Slip distribution derived from GPS data only. The solid red diamonds indicate the
locations of the Joshua Tree hypocenter and foreshock.
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yields a moment of 2.2x10'8 N m. There is little control
of the depth extent of the slip given the GPS observa-
tions due to the sparse GPS station coverage along pro-
files perpendicular to the dislocation strike (Figure 2).
Slip appears at depth as a result of the minimization
of stress variability. The distribution is generally sim-
ilar to the combined GPS and trilateration solution.
The small patch of near surface slip to the southeast is
clearly determined from the GPS data alone.

Independent Evidence for the Geodetically
Derived Slip Model

Three primary sources of independent evidence a:e
used to assess the significance of the inferred slip model.
The main shock and aftershock hypocenters provide in-
formation about both the location and size of the rup-
ture. In addition, seismic moment estimates provide an
independent measure of the integral of slip over the dis-
location surface. Last, an empirical Green’s functions
analysis provides estimates of the source time functicn
of the event. The source time function provides an im
portant estimate of rupture duration and hence of rup-
ture size. Thus we have independent estimates of the
location. magnitude, and extent of the fractured area
to compare with our model for slip.

Location. In this analysis slip has been allowed to
lie below 1 km depth along the specified fault plane with
the lateral and depth extent of the slip completely free
in the dislocation plane. The 352° striking dislocation
was located so as to best coincide with the epicentral
distribution of aftershocks. The centroid of the disloca-
tion surface was placed at the intersection of the con-
jugate planes determined by the aftershock epicenters
which roughly defines the centroid of the aftershocks
(Figure 2).

The slip distribution together with the aftershock lo-
cations of Hauksson et al. [1993] is shown in Plate 2.
The relative location of the main mass of the slip dis-
tribution and hypocenter is consistent with unilateral
rupture propagation to the northwest with rupture ini-
tiating near the bottom of the fractured area. That
the aftershocks tend to occur along the edges of the
inferred rupture is consistent with the expected occur-
rence of large stress increases along these edges. This
correlation is most notable for aftershocks of magnitude
greater than four (Plate 2, pink diamonds).

Geodetic versus seismic moment. The geodetic
moment can be obtained by integrating the slip func-
tion (Plate 2) over £. In the absence of positivity
constraints, the moment would be expected to fluctu-
ate with roughness. However, this is not the case for
strictly positive s. While excessive damping (large reg-
ularization parameter) decreases the moment linearly
with the regularization parameter (due to the homoge-
neous boundary conditions), the moment remains rela-
tively constant over several orders of magnitude increase
in stress variability (Figures 9 and 5).
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Figure 9. Geodetically derived moment versus data
misfit. Triangle shows the location on the curve corre-
sponding to the inferred model.

A moment of 1.7 x 10'8 N m is estimated. This result
is quite similar to that of Savage et al. [1993]. However,
it has been pointed out that our model for slip obtained
from the trilateration data alone yields a moment of
only 1.4 x 10!® N m. Our estimate is slightly smaller
than seismically determined moment estimates [IRIS,
1992] in the range of 1.9 — 2.4 x 10'8 N m, but these dif-
ferences are not unexpected given the above mentioned
moment biasing effect.

Rupture dimensions. The slip distribution pre-
sented in Plate 2 does not provide an accurate estimate
of the details of the actual fractured fault. Only model
averages are resolved. In order to investigate the rup-
ture process and static stress drop, an independent es-
timate of source dimensions is required.

Both the Joshua Tree event and its largest aftershock
(M 4.8) were well recorded by several regional seismic
stations (Figure 1). Using this aftershock as a source
of empirical Green’s functions (eGf), the relative source
time function for the Joshua Tree event was estimated
(Figure 10). The source time function is impulsive and
indicates a relatively simple rupture history with total
rupture duration of about 5 s. Assuming a liberal range
of average rupture velocities of 2.4 to 3.2 km/s, and a
circular rupture area, we infer a radius in the range of 6
to 8 km. This agrees qualitatively with the distribution
of slip shown in Plate 2.

Given the computed moment for the event and as-
suming a circular rupture with radius in the range of 6
to 8 km based on the eGf source time function, we cal-
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Figure 10. Source time functions for the 1992 Joshua Tree earthquake determined for each of
the seismic stations shown in Figure 1 with stacked average at bottom.

culate a stress drop in the range of 2 to 4 MPa. This is
significantly smaller than the estimate of 20 MPa from
Lindley [1993]. However, it is well known that stress
drop estimates determined by different methods can be
expected to vary by up to a factor of 5 [Scholz, 1990].
The difference possibly results from complexities of the
earthquake source below the resolution of our analyses,
which might contribute significantly to Lindley’s result.
We note that to match Lindley’s result given our esti-
mated moment would require a rupture radius of about
4 km.

The source time function shown in Figure 10 provides
some indication of temporal complexity in the rupture
process with a small but distinct burst of energy re-
lease occurring within about 2 seconds of rupture ini-
tiation followed by the majority of the energy release.
Such temporal disbursement of energy release might be
indicative of spatial complexities, such as those seen
in Plate 2. The variation in amplitudes of the source
time functions obtained between stations GSC and PFO
(Figure 10) marginally suggests rupture propagation to

the northwest, although the azimuthal distribution of
stations is limited (Figure 1). This is in agreement with
the hypocenter slip relationship noted above.

Earthquake-Induced Stress Changes

Coseismic stress transfer has been the subject of nu-
merous studies [e.g., Stein and Lisowski, 1983; Stein et
al., 1992; Du and Aydin, 1993; King et al. 1994]. Co-
seismic stress and strain changes within the half-space
can be computed by differentiation of the displacement
field. We assume a Poisson solid with, A = p = 28 GPa.
The Coulomb failure stress 7. is then

Te =Ts + —0On, (16)

4
where the 7, and o, are the shear and normal stress,
respectively, acting on planes parallel to the dislocation
surface. We have assumed an apparent coefficient of
internal friction of 3/4.

Comparison of predicted Joshua Tree-induced Cou-
lomb stress changes with the aftershock locations of
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Hauksson et al. [1993] is shown in Plates 5 and 6.
Plate 5 shows a horizontal cross section of stress re-
solved onto planes parallel to the main shock rupture
plane. Plate 6 shows the same stress field on a verti-
cal section along the main shock rupture plane. We
acknowledge that the focal mechanisms of the after-
shocks are not expected to coincide with that of the
main shock, and we expect the effectiveness of Coulomb
stress increases in bringing the brittle crust to failure
to be maximal on planes optimally aligned for fail-
ure. Nevertheless, aftershocks do occur predominantly
in areas for which the mainshock rupture resulted in
Coulomb stress increases of greater than 0.1 MPa as
computed. While the pattern of Coulomb stress changes
can be modified by consideration of the direction of re-
gional stress [e.g., King et al., 1994], improvement to
the correlation of aftershock occurrence with stress in-
creases is marginal (compare with King et al. [1994, Fig-
ure 6]). These results support the notion that the crust
must have been near failure under a relatively uniform
preearthquake stress field with regional stress direction
consistent with optimal right-lateral failure planes par-
allel to the Joshua Tree rupture plane. It is interest-
ing to note that the largest of the Landers aftershocks
to occur in the vicinity of the Joshua Tree event ap-
pear to fill in gaps in the seismicity where Joshua Tree-

NW
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-50 -40 -30 -20 -10
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induced stress increased to the southeast (Plate 6) and
where stress perturbations due to the Landers earth-
quake would have increased the potential for failure to
the northwest of the Joshua Tree rupture.

Du and Aydin [1993), in studying stress transfer along
the central Calaveras fault, found that levels of earth-
quake-induced stress increase at the hypocenters of sub-
sequent earthquakes along the fault are less than 5% of
the static stress drop. Plate 6 shows an even smaller
Joshua Tree-induced stress increase at the hypocenter
of the Landers earthquake. However, about 70% of the
area fractured during the Landers earthquake is thought
to have sustained significant increases in Coulomb stress
(0.07-0.1 MPa) prior to the event as a result of the cu-
mulative effect of the 1975 Galaway Lake, 1979 Home-
stead Valley, 1986 North Palm Springs, and 1992 Joshua
Tree earthquakes [Stein et al., 1992; King et al., 1994].

Discussion

A temporally and spatially heterogeneous process of
slip along a north trending, late Quaternary fault lo-
cated predominantly between the Pinto Mountain and
Blue Cut faults began with the Joshua Tree earthquake
(Figure 2). The generally impulsive source time func-
tion and the primary features of the slip distribution
are indicative of the rupture of a single large asperity.

SE
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-0.5 -0.4 -0.3 -0.2 -0.1

0.0

0.1 0.2 0.5

0.3 0.4
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Plate 5. Predicted Coulomb failure stress changes and aftershocks (diamonds) in the depth
range of 6 to 14 km projected onto a horizontal plane centered on the dislocation at 10 km depth.
Solid red indicates Coulomb failure stress changes of 0.5 MPa or greater. Pink diamonds indicate
location of Landers hypocenter (largest) and large of Landers aftershock.
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Plate 6. Predicted Coulomb failure stress changes resolved in the plane of the dislocation and
aftershocks (diamonds) within 1 km of the fault projected onto the fault plane. The Joshua Tree
hypocenter is shown as a dark solid diamond near the center of the figure. Lighter diamonds
show the Landers hypocenter (largest) and large Landers aftershocks. Solid red indicates Coulomb
failure stress changes of greater than 0.5 MPa. Arrow indicates the location of the aftershock
cluster which began with the June 11 M 4.3 event. Two contour lines outline the regions of main

shock slip greater than 0.01 m.

This aspect of our slip distribution is in agreement with
the dislocation model of Savage et al. [1993]. Though
resolution of finer details is limited by the nature of the
Tikhonov regularization procedure, Plate 2 does suggest
that smaller near surface features, one to the northwest
and another to the southeast, may represent ruptures
of additional asperities. The small patch of slip to the
southeast lies south of the Blue Cut fault in the vicinity
of mapped north trending late Quaternary faults [Clark,
1984]. Model resolution at this location is good.

Aftershocks of both the Joshua Tree and Landers
earthquake appear to fill in regions along the fault plane
that were not previously fractured during the sequence.
Many of the largest of the Joshua Tree aftershocks oc-
cur along the southern edge of the primary patch of slip
(Plate 2). The M = 5.7 Landers aftershock which oc-
curred just south of the Pinto Mountain fault appears
to fill in slip to the north of the Joshua Tree rupture.
We conclude from these observations that the Joshua
Tree earthquake and its aftershocks, as well as some
large Landers aftershocks, ruptured much of the fault
between the Blue Cut and Pinto Mountain faults.

The absence of significant slip and the occurrence of
several aftershocks of magnitude greater than four in
the vicinity of the intersection of the Blue Cut fault with
the Joshua Tree main shock rupture plane (Plate 2)
suggest to us that the Blue Cut fault may have largely
impeded rupture propagation to the south. Hough et
al. [1993], based on careful relocation of a M = 5.7
Landers aftershock, conclude that rupture associated
with the Landers earthquake need not be continuous at

depth across the Pinto Mountain fault. Hauksson et al.
[1993] observe that there appear to be no aftershocks
associated with either of these two east trending left-
lateral structures.

Plate 2 indicates that little slip occurred below the
seismogenic cut off defined by the aftershocks with
rupture initiating near the base of the slipped area.
Both of these observations are in agreement with rhe-
ological models for shearing in the lithosphere [e.g.,
Scholz, 1988] which consider the geology of exhumed
fault zones, fault rock mechanisms, rate and state de-
pendent friction models, seismicity, and rock behavior
at increased pressure and temperature. Sibson [1982]
found that large earthquakes tend to nucleate near the
base of the seismogenic zone, a region of high shear re-
sistance and strain energy concentration. A relevant
exception, however, is the Landers earthquake which
initiated at very shallow depth.

The coseismic stress increase predicted at the hypocen-
ter of the June 28, 1992, Landers event due to the
Joshua Tree earthquake is near zero (Plate 6). We con-
clude, then, that the Landers event was not directly
triggered by coseismic stress increase associated with
the Joshua Tree rupture. However, migration of after-
shocks to the northwest in the months following the
Joshua Tree event is illustrated by the occurrence of a
small cluster about 20 km beyond the northern edge of
Joshua Tree slip (Plate 6, arrow). This cluster began
with a M = 4.3 aftershock on June 11 near 7 km depth
within about 10 km of the June 28 Landers hypocenter.
Predicted Joshua Tree-induced Coulomb stress increase
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at the hypocenter of this M = 4.3 aftershock is near
0.06 MPa (Plate 6).

Clearly, the spatial correlation of aftershocks and
Coulomb stress changes indicates a causal relationship.
Less clear, however, is the time dependent mechanism
through which these changes produce the aftershocks
and the level at which the stress increase becomes sig-
nificant. We may only speculate as to the exact process
or combination of processes which lead to the Landers
earthquake. Nevertheless, the close proximity in space
and time of the Joshua Tree and Landers earthquakes,
their occurrence on virtually the same fault, and mi-
gration of Joshua Tree earthquake aftershocks to the
northwest suggest to us that the Joshua Tree and Lan-
ders earthquakes are part of a single northwest propa-
gating rupture process.

Conclusion

We have used geodetically derived estimates of co-
seismic displacement at 20 sites to infer the slip dis-
tribution and static stress transfer associated with the
April 23, 1992, Joshua Tree, California, earthquake.
Source parameter estimates obtained by application of a
Tikhonov regularization operator agree well with inde-
pendent estimates from seismic studies. The estimated
geodetic moment is 1.7 x 1018 N m. The source time
function inferred from empirical Green’s function analy-
ses indicates a rupture duration of about 5 s. Assuming
a circular rupture yields a fracture radius in the range
of 6 to 8 km. The stress drop is in the range of 2 to
4 MPa. The Joshua Tree event involved rupture of at
least one asperity with the possibility of minor amounts
of slip occurring near the surface to the north of the
main slip patch, and also to the south of the Blue Cut
fault. The fit between observed and predicted ground
motions, location of the rupture relative to the hypocen-
ter, a strong correlation of the aftershock locations and
predicted stress change patterns, and qualitative agree-
ment of source time function and static coseismic slip
provide strong support for the geodetically derived slip
distribution.

For the Joshua Tree event, aftershock activity is
highly correlated with Coulomb stress increases of great-
er than about 0.1 MPa. This supports the notion that
the brittle crust in this area was near failure under a
relatively uniform preearthquake stress field. Stress in-
crease predicted at the hypocenter of the Landers earth-
quake is near zero implying that the Landers event was
not directly triggered by coseismic stress changes. We
speculate that redistribution of Joshua Tree-induced
stress perturbations during the two months following
the Joshua Tree event could explain the temporal de-
velopment of the earthquake sequence culminating in
the M, 7.3, June 28, 1992, Landers event. In par-
ticular, we suggest that the Joshua Tree and Landers
earthquakes are part of a single northwest propagating
rupture process.
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